There is a potential problem that the intentional release of radioactive materials by terror attacks and the accidental spillage from the transportation or storage of flammable and toxic gas occur within populated urban area. For the assessment of human health hazard or the safety analysis of the hazardous gas, not only mean but also fluctuating concentrations should be estimated. Therefore, we perform Large-Eddy Simulation (LES) of turbulent flow and plume dispersion within a regular array of cubic buildings as idealized urban canopy and investigate the characteristics of mean and fluctuating concentrations. The geometry of the building array is 25×7 with λ f =0.25. Here, λ f is the building frontal area index and defined as the ratio of the total frontal area of buildings to the plan area of the study site. The plume source is located at the ground surface behind the building in the 7th row of the building array. We can capture the unsteady behaviors of turbulent flow and plume dispersion within the building array and show the spatial distribution of mean and fluctuating concentrations.
I. Introduction
An accurate analysis of plume dispersion is important for emergency responses against accidental or intentional release of hazardous and flammable materials within populated urban areas. For the assessment of human health hazard or the safety analysis of the hazardous gas, not only mean but also fluctuating concentrations should be estimated. Therefore, the dispersion characteristics of a plume through obstacle arrays have been examined mainly by field and wind tunnel experiments. For example, Macdonald et al. 1) and Sato et al. 2) investigated the effect of building arrays on averaged characteristics of plume dispersion by a field experiment. Bezpalcova and Ohba, 3) and Oikawa and Meng 4) conducted wind tunnel experiments of plume dispersion within building arrays and investigated the effects of the building arrangement and obstacle density on the characteristics of mean and root mean square (r.m.s.) concentrations.
In this study, we perform a numerical simulation of plume dispersion within a regular array of cubic buildings as idealized urban canopy by Large-Eddy Simulation (LES) that can give detailed information on a concentration field. The objective of this study is to validate our LES model in comparison with the experimental data of Bezpalcova and Ohba 3) and investigate the distribution patterns of mean and fluctuating concentrations, and the characteristics of peak concentration within the building array.
II. Numerical Model
The governing equations for LES of atmospheric flow are the filtered continuity equation, the Navier-Stokes equation 
and
where
and i f are the wind velocity, time, pressure, density, kinetic viscosity, subgrid-scale Reynolds stress and external force term, respectively. The subscript i stands for coordinates (1: streamwise, 2: spanwise, and 3: vertical direction). Upper bars, (¯) denote application of the spatial filter.
and s f are the Kronecker delta, the eddy viscosity coefficient, the model constant of flow field and Van Driest damping function, 5) respectively.  denotes grid-filter width. In this LES model, the external force term proposed by Goldstein et al. 6) is applied for its computational stability for turbulent flow around bluff body. This force term, i f is incorporated into the Navier-Stokes equations to consider the building effects and can be assumed as the following expression;
where  and  are negative constants. The standard Smagorinsky model 7) with Van Driest damping function 3) is used because of its simplicity and low computational cost. s C is set to 0.12. 8) LES of plume dispersion is also computed by using the standard Smagorinsky model. 7) The spatially filtered scalar conservation equations are presented by
where j s is the subgrid-scale scalar flux, which is also parameterized by an eddy viscosity model. The model constant, sgs Sc , is the turbulent Schmidt number and is set to a constant value, 0.5.
9)
Each equation is discretized using a finite-difference method based on staggered grid system where velocity components are defined at the boundary of a cell, while pressure and concentration are defined at the center of a cell. The coupling algorithm of velocity and pressure fields is based on the MAC method with the Adams-Bashforth scheme for time integration.
10) The Poisson equation is solved by the SOR method. For the spatial discretization in the governing equation of flow and the tracer transport, a second-order accurate central difference is used. For only advection term in a concentration field, Cubic Interpolated Pseudo-particle 11, 12) is imposed. Reynolds number based on the cubical building height is almost 5,000.
III. Test Calculations

The Wind Tunnel Experiment for Evaluating the
Model Performance The experiment was carried out by Bezpalcova and Ohba 3) in the Boundary Layer Wind Tunnel at Wind Engineering Center of Tokyo Polytechnic University, Japan. The experimental set-up consists of buildings with dimensions: 70 mm (width), 70 mm (length), and 70 mm (height). They are arranged in the regularly aligned array with f  =0.25. Here, f  is roughness density defined as the building frontal area index and defined as the ratio of the total frontal area of buildings to the plan area of the study site. There are 18 rows of buildings, each consists of 9 buildings. The ground-level point source is located at the center just behind the building of the 8th row and the 5th column of the arrays as show in Fig. 1 . Here, the rows are numbered in increasing order in the streamwise direction from the leading edge of the array and the columns are numbered in increasing order in the spanwise direction from the right-hand side of the array when looking in the flow direction.
The approaching flow is generated by spires set up at the entrance of the wind tunnel section and roughness blocks. The profile of mean wind velocity can be approximated by a power law exponent of 0.25. Concentration is measured by a fast-response flame ionization detector. The vertical and spanwise profiles of mean and r.m.s. concentrations are shown by their experimental study.
In this study, to evaluate the model performance, we compare our LES results with these wind tunnel experimental data.
Computational Settings
In conducting LES of turbulent flow in the atmopshere, an approaching flow with turbulent fluctuations as the inlet of the model domain should be generated. Figure 2 shows a schematic illustration of numerical model. Two computational domains are set up: The main region for a simulation of plume dispersion within a building array and the driver region for generating a spatially-developing turbulent boundary layer flow. First, a thick turbulent boundary layer flow is generated by incorporating the existing inflow turbulence generation method, i.e., Kataoka and Mizuno method 13) into an upstream small fraction of the driver region as shown in Fig. 2(a) . Then, a strong wind velocity fluctuation is produced by a tripping fence and roughness blocks placed at the downstream of the recycle station as shown in Fig. 2(b) . The fluctuating part of the velocity at the recycle station is recycled and added to the specified mean wind velocity at each time step by assuming that boundary layer thickness is constant within a driver section.
Calculations of both driver and main regions are conducted by the same model with different computational settings. As the boundary conditions, Sommerfeld radiation condition 14) is imposed at the exit, a free-slip condition for streamwise and spanwise velocity components is imposed and vertical velocity component is 0 at the top, a periodic condition is imposed at the side, and a non-slip condition for each velocity component is imposed at the ground surface.
The size and the number of grid points for the driver region is 13.8δ×3.8δ×5.0δ (δ: the height of a turbulent boundary layer thickness) and 460×250×100 in streamwise, spanwise and vertical directions, respectively. The size and the number of grid points for the main region are 12.0δ×3.8δ×5.0δ and 1000×250×100 in streamwise, spanwise and vertical directions, respectively. In the main region, there are 25 rows of buildings and each consists of 8 buildings. The point source is located just behind the 8th row and the 4th column of the building arrays and at the ground surface. Each building of the array is resolved by 16×16×24 grids in the streamwise, spanwise and vertical directions, respectively. At the inlet of the main region, the inflow turbulence data obtained near the exit of the driver region is imposed at each time step. In a concentration field, zero gradient is imposed at all the boundaries. As shown in Fig. 1 , assuming that the location of a plume source point in the wind tunnel experiment is x/H=0.0, y/H=0.0 and z/H=0.0 (H: a building height), that of a plume source point in this LES model is x/H=0.0, y/H=-0.03 and z/H=0.0. Because the number of grid points for individual cubic building is even number, the plume source position in the y/H coordinate is slightly different from that in the experimental condition. Mean and r.m.s. concentrations of a plume are normalized by H and the source strength (Q). Figure 3 compares the LES results for mean wind velocity (U) and turbulence kinetic energy (k) with the experimental data of Bezpalcova and Ohba.
IV. Results
Approaching Flow
3) Mean wind velocity and turbulence kinetic energy are normalized by a free-stream velocity (U ∞ ), respectively. The height in the plot is normalized with respect to δ. δ corresponds to about 4.0H.
It is found that mean wind velocity of LES is consistent with both wind velocity profile with a power law exponent of 0.25 and the experimental data. Turbulence kinetic energy by LES shows a peak near the ground surface by the influence of roughness blocks and then gradually decreases with height, while that of the experiment show a constant in the range of 0.1-0.7δ by the influence of spires set up at the wind tunnel entrance. Instead of this discrepancy turbulence kinetic energy by LES is similar in magnitude to that of the experiment. Because turbulent boundary layer flow is fully developed in this LES model, this slight discrepancy is negligible. Therefore, it is considered that approaching flow corresponding to the wind tunnel flow is successfully simulated in the driver region. Figure 4 shows positions of the measurements of concentration for comparison of LES with the experimental data. The maximum value can be found at the left hand side (y/H<0). This is due to even number of the computational cells and asymmetric placement of the source described in Section III. 2. However, the distributions rapidly become symmetric with downstream distance. The influence of these disagreements on the downward dispersion in the center axis is considered to be small. Figure 6 shows the LES results for vertical profiles of normalized mean and r.m.s. concentrations by H and Q at the central street canyon position (y/H=0) between 1st and 2nd rows behind the source (see the triangle in Fig. 4) . Mean concentration profile of LES shows almost a constant within building canopy (at heights less than 1.0H) and gradually decrease above building canopy with height. Such a tendency is quantitatively consistent with the experiment. R.m.s. concentration profile of LES also shows a constant within building canopy, but increase just above building canopy and then decrease with height. Such a tendency is similar to the experiment. Figure 7 shows the spatial distributions of mean and r.m.s. concentrations at the height of 0.1H. It is found that mean concentration is distributed around the point source with wider spread by the influence of the buildings and then the spread is gradually getting narrower due to the sheltering effects of the building array. This distribution pattern of mean concentration is the same as Macdonald's field experiments. R.m.s. concentration is also distributed around the point source with wider spread, but its values is found to rapidly decrease with downwind distance. Figure 8 shows the streamwise variation of mean and r.m.s. concentrations at the height of 0.1H at the plume axis (y/H=0.0). It is found that mean concentration gradually decreases with downwind distance. R.m.s. concentration is found to rapidly decrease although its values increase within each central street canyon.
Dispersion Characteristics
Spatial Distributions of Concentrations
Characteristics of Peak Concentration
In case of release of toxic or flammable gases into the atmosphere, it is important to estimate instantaneous high concentrations. For this purpose, theoretical probability distributions of concentration fluctuation have been studied by many researchers. For example, Csanady 15) and Hanna 16) proposed theoretical models of the lognormal and exponential distributions for predicting concentration fluctuations of a plume, respectively, as follows. 
where i C is concentration fluctuation intensity defined as the ratio of r.m.s. concentration to mean concentration,
. These theoretical models cannot predict the spatial distribution of concentration but can estimate peak concentrations at a stationary point. Sato et al. 17) examined the lognormal and exponential types of probability distributions of concentration fluctuation behind an isolated cubical building with those for the wind tunnel experiment by using concentration statistics of ＜0.1. At the crossing position, the probability distribution of LES is consistent with both lognormal and exponential types. It is shown from these LES results that the characteristics of probability distributions obtained by LES depending on the values of i C are consistent with those reported by Sato et al. 17) Focusing on various peak concentrations, c 99 , c 95 and c 90 of LES at the central street canyon are found to show 2.0, 1.8 and 1.5, respectively. On the other hand, those of LES at crossing position show 4.5, 3.8 and 2.7, respectively, and qualitatively much different from those at the central street canyon. This indicates that it is important to evaluate peak concentrations based on a building scale for the assessment of human health hazard or the safety analysis of the hazardous gas within populated urban areas.
V. Conclusion
In this study, we perform Large-Eddy Simulation of plume dispersion within a regular array of cubic buildings as idealized urban canopy and investigate the characteristics of 1. A spatially-developing turbulent boundary layer flow in the driver region is generated by incorporating existing inflow turbulence generation method into an upstream small fraction of the driver region with a tripping fence placed at the ground surface and roughness blocks. By this scheme, we have successfully simulated a turbulent boundary layer flow corresponding to the wind tunnel experiment of Bezpalcova and Ohba 3) in the driver section. 2. When compared to the experimental data 3) of the spanwise and vertical profiles of mean and r.m.s. concentrations, it is shown that this LES model successfully simulate plume dispersion within a building array. Furthermore, it is found that r.m.s. concentration rapidly decreases in the streamwise direction, while mean concentration gradually decreases with downwind distance. 3. It is shown that peak concentration values at the central street canyon are much different from those at crossing point. This indicates that it is important to evaluate peak concentrations based on a building scale for the assessment of human health hazard or the safety analysis of the hazardous gas within populated urban areas. 
